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Decay of hollow atoms above and below a surface
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We present some experiments which demonstrate definitively that the filling &f shell of argon hollow
atoms formed below a surface proceeds, like those formed above a surface, through a cascade of eight
spontaneousgransitions. This result means that the hollow atoms’ clock property may be used in both cases to
study continuously the approach and penetration of an ion onto a surface as it is experimentally shown.
[S1050-294{@6)02510-3

PACS numbgs): 79.20.Rf, 32.30.Rj, 31.58-w

A recent publicatiori1] reported experiments which dem- partly via a direct collisional capture process that they named
onstrated the production of fully inverted, excited states ofide feeding. For higheZ ions, like argon, and below a
atoms(termed “hollow atoms’) formed during the interac- surface, theM shell is filled two or three times faster than the
tion of slow, highly charged ions with surfaces. In that caseL shell, as experimentally demonstratgd14]. While the
highly excited states of argon in which electrons filled e  stepwise filling of the eightt holes has also been experimen-
and N shells leaving theK [2] and L shells empty were tally demonstrated2] one cannot excludeq priori, that a
observed(up to ten inner shell vacanciesMore recently (smal) part (<30% of the L holes is also filled by a side
hollow atoms have been observed in plasmas produced irieeding process. The geometrical cross section for capturing
side electron cyclotron resonanCR) ion sourceg3] and  electrons into theM andN shells of the ion beinga priori,
by laserd4]. much larger than into the shell (c~n%), this process was

The removal of all electrons from an inner atomic shellfirst considered for argon ions as negligible compared with
was first observed and studied in the 19f®jswhere double the very fast.MM Auger transitiongcascade feeding
K vacancy states were formed by nuclear excitation or The aim of the first experiment presented in this paper
photoionization and led to a sequence of two fast radiativéstudy of theK and L x rays of At™" and Ar®") is to
transitions: the hypersatellite-satellite cascade. The doubldemonstrate that this side feeding process may be defini-
K-vacancy states have also been observed recently in phottively neglected and, as for above surface hollow atoms, the
excited lithium(formation of doubly or triply excited states L shell is mainly filled by an Auger cascade from outer
[6,7]. Hollow atoms, i.e., atoms having a large number ofshells. The clock property of the hollow atoms may then be
inner vacancies, are now currently prepared in slow ionused in the same way for both types of hollow atoms. This
surface interactions by filling the outermost shells of, e.g., groperty, valid for all types of hollow atoms, is illustrated in
fully stripped ion[1,8-13. a second experiment where the proportion of above and be-

Above a surface the electrons are captured, for energetiow the surface hollow atoms has been dramatically changed
reasons, at large distances in Rydberg states. Below the suyy varying the ion velocity to a very large extent.
face capture occurs at much closer distances into lower ex- The experiments were carried out at two laboratories. At
cited states. There are then two different types of hollowthe Lawrence Berkeley National Laboratok/,andL x-ray
atoms that can be observed during the interaction of highlgpectra emitted by Af* and Art®* ions impacting Si-H tar-
charged ions with surfaces. gets were studied with a low-resolution(lSi) detector sen-

As discussed in previous papéis14,15 the filling of the  sitive to x rays down to 200 eV. The 10-kayArl™ ions
eight holes of thé. shell of the hollow atom may be used as were produced by the Advanced Electron Cyclotron Reso-
an atomic internal clock to study the ion-surface interactionsnance(AECR) ion source at the Lawrence Berkeley National
The filling of theL shell of hollow atoms formedbovea Laboratory (LBNL) 88-in. cyclotron. The experiment uti-
surface takes place through a long cascade of Auger trandized the joint LBNL-LLNL (Lawrence Livermore National
tions. Below the surfac€or at surfacg capture occurs at Laboratory atomic collision physics facilities. In this case
much closer distances and fills excited states of the ions ofre formed, below the surface, hollow atoms having most of
much lowern states. For light ions, such a$\ and below  their electrons captured in thé andN shells. A second set
the surface, Folkerts and Morgenstgt®] demonstrated that of experiments was performed in Grenoble on the test ECR
the L shell is partly filled by cascades from tiw shell and ion source of the Laboratoire des lons Atomes et Agte
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N/t Ar Ko yields for all the KL* satellites have been calculated by
o < Bhalla[20]. They range from 11%x=8) to 100% &=1)
KA e e KLY : with a value of~30% for (x=5), the mearkKL* satellite.
20y LTI sdeev ' Thus, for an equal number &f andL transitions, the ratio of
L to K x-ray intensity would be=1%, i.e., much lower than
our experimental value of 12%. This means that there are
manyL transitions for a singl& transition(there is only one
K vacancy for eight. holeg and that the population of tHe
KB,y shell below the surface follows mainly from Auger cascades
{“ ArL _ from the M shell where the electrons have been captured
LA : L t_)e_low the surfacéi.e., theL side feeding is negligible The _
. 1000 2000 3000 2000 filing of the L shell of hollow atoms below the surface is
Energy (eV) then similar to that outside the surf_ace, e, through sponta-
neous Auger cascades from the highly excited states where
the electrons are captured in that case.

FIG. 1. K andL x-ray spectrum emitted by Af" ions of 10 Figure 1 also shows the comparison betweenltheray
keV/g energy impinging on SiH surfaces and observed with a |°W'spectra observed with A& and Af™ impinging on the
r_eso_lution S(Li) detector. In _the upper inset of the figure, a magni- ggme target. The most visible difference between the two
fication of thel spectrum is presented and compared to the ghacirg js a large extension of the intensity towards high
spectrum of the A" ions impinging on the same surfaces. energy(about 50 eV for the AR spectrum relative to that
from Ar'®". Since all thel lines of Ar’* are shifted upward
gbout 50 eV by the increased effective nuclear charge, the
observed shift suggests that a large nun{be30%) of theL
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(LI2A), where theK x rays were studied with a high-
resolution crystal spectrometer. This experiment was carrie

out at various ion kinetic energies ranging from 2 g@\dp to : . ! - .
10 keVL (formation of above and below surface hollow at- X rays |serT71|+tted prior to the _f||||n_g of the K vacanag the
case of A", This observation illustrates the time depen-

oms. A very flat, well characterized Si surface covered by a - . ; :
single layer of hydrogen, prepared with conventional chemi-s :t?gﬁ g; t;%’jhﬁlu fulé?f%’rr?irld 'SS;[C’)E Tligt;r:ter\:\gp tgiest?itl;i?r_
cal techniques, was used in both experiments. gnly @ y

Figure 1 shows th& andL x-ray spectra simultaneously t'orAg'gi’sfdlsl‘seodccfgaté%gE;altg]s ?hr: g:;tei\%eﬁ] tensities of
observed in the studies at LBNL. The broKdr “line” is P .

: . . the eightKL* lines depend only upon the rates at which the
fgr[‘f’iief of 8)a2risi?g?omcgmjghr;dizﬁéﬂ“é%ittgges outermost shells, collisionally fed, fill thie shell and thel

from ions containingX— 1) spectator electrons. Thex-ray ?:gtg?rf'i?”::" :)?Eiﬁeihserlllélll nb a&gf&iﬂﬁgfggﬁgg the
spectrum was observed, also as a very broad “line,” which, 9 y 9

as in the case df a, is made up of an array of satellite lines 2;::’]) 6'12 %eeryﬁ:g;,velce%rt?gzr?:aé%etzﬁglrl:gﬁ raalt(e, thﬁg\to?]s
arising fromM —L transitions in the presence of any al- ' ap

) i . may be emitted and thikL* distribution would peak on the
Iftr)(\)/vrﬁdzggrg(t;e;)ofa g’ggaerlflgi 1-gh%h)é :‘?yureenglrgcl)esshz)a\l/(/]sgz KL! component. If, on the other hand, theshell filling is
higher-energy broad. x-ray Iiné corregsponding to the V€Y fast compared to tH¢ rate, theKL* distribution would
X . .
N(O)—L radiative transitions. The approximately flat toppedpeak onkKL sate_lhte; W'th. !arge numberxs df electrons
shape of theM — L intensity shows that, as for th€a tran- (x>1). Thg relatlv_e intensities of the§§L "”e*? depend
sitions. all theL*M satellites are pr’esent and hence onePOn the different lifetimes of the states into which the elec-

observes all possible steps in theshell filling process. The egg:;ju?rgultg:ﬁgﬁt Cs%iztllljsred.re-\r/::)?,l-sslhe(:lglzltljllr;%é]ﬁtse; frt%new
most interesting observation from the spectrum of Fig. 1 i » P y 9

Larkins statistical procedure, have now been accurately cal
the large intensity of the x rays compared to that of théea '
complex L/K=12+2%). This should be compared to the culated by Desclaux and co-workef$5] and Vaeck and

mean fluorescence yields of theandL shells. The value of Hanser{18]. These rates, e.g., when the electrons come from
the L fluorescence vyields for ions having zero to seven theM shell through.MM Auger transitions, are of the order
electrons and a certain number Mf andN electrons is not of a few times 18 s%.

as accurately known as that for tie fluorescence yields. In order to illustrate the use of this atomic clock effect,
The fluorescence yield of the lowekstsatellite (oneL va-  the x-ray spectrum from Af" ions interacting with a Si-H
cancy and a closel shell) is experimentally known to be surface has been studied at various energies, i.e., in situations
0.02%[16]. In this case, if theM electrons are not only in  where electron capture occurs into very differarievels. At

thes or p subshells, thé fluorescence yield may be slightly low collision energies, the hollow atoms are formed outside
larger. The Auger or radiative transitions corresponding tdhe surface and, for energetic reasons, higlevels (1> 3)
satellites of the highest energies, i.e., those having mangre fed. In this case the long series of Auger cascades needed
holes in theL shell, area priori, statistically more intense. to reach theL shell leads to relatively long lifetimeslow

The radiative rates areyx2x 10 s ! (y equals the num- L-filling rates. At much higher energies, i.e., when the in-
ber of M electrong [17], whereas the correspondihgdvi M teraction takes place mainly below the surface and where the
Auger rates are of the order of<40'® up to 13° s™* for  electrons are captured into té shell, theL-shell filling
3<y<8 [15,18,19. The fluorescence yields of thesatel- rates are much larger and tk&* distribution is, as observed
lites then lie between 0.1% and 0.3%. TKefluorescence [1], rather uniform.
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The difference in energy betwedtlL* andKL*** satel-

In summary, this work has shown that with third row

lites is of the order of 25 eV and hence is resolvable with aelements, such as argon, the stepwise decay of hollow atoms
crystal spectrometer of 6-eV resolution, as was used in théormed below a surface constitutes an internal atomic clock
Grenoble experiments. Figure 2 presents the arrailof  of intrinsic propertiegi.e., only defined by the ion spectro-
satellite lines observed with ions decelerated by varyingscopic properties as in the case of “above” surface hollow
amounts. The results show the evolution of the spectrunatoms.

from outside the surfacgapture in Rydberg state® below This result allows the study of the continuous change of
the surface behavidcapture inM andN shellg. Figure ZF)  the x-ray spectra emitted by the ions durifigthe approach
shows the spectrum observed with ions of 10 kgp\whd and touch down of the surfad®<E<12 eVAh); (ii) the
displays a characteristic below surface arraybf satellites ~ penetration of the first atomic layét2<E<50 eVh); (iii)

[1]. Figures 2A)—2(E) show the same spectra observed fromthe interaction inside the bullE>50 eVh). All three pro-
decelerated ions. The nominal energy of the ions is noted ogesses have recently been found to be strongly dependent on

the nature of the surfadel,22.
each spectrum, however, because of acceleration by the im
age charge, this is inaccurate for the lowest vallfgs. The authors express their gratitude to C. Lyneis for his
2(A) and 2B):1 and 10 eMd]. In the case presented in Figs. assistance at the LBNL 88-in. cyclotron, and to G. Melin, D.
2(A) and 2B), the ion cannot penetrate the surface and onélitz, and B. Jettkant for their help while working with their
observes the characteristic outside decay spectra peaked Gaprice ECR ion source at Grenoble. Work at LBNL re-
KL! while Figs. 2C), 2(D), and 2ZE) (50, 200, and 1000 ceived support from the Office of Energy Research, Office of
eV/q) show an increasing proportion of the “at” or “be- Basic Energy Science, Chemical Science Division, under
low” surface contribution to the spectrum. Contract No. DE-AC03-76SF00098.
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